Introduction
Dense non-aqueous phase liquids (DNAPLs) are common groundwater contaminants that have historically been released from degreasing and dry cleaning industries (Doherty, 2000; Pankow and Cherry, 1996) . DNAPLs are immiscible in water and exhibit a density greater than 1 g/cm 3 ; when released to the ground, the non-aqueous phase liquid (NAPL) migrates downwards under the influence of gravity following a path of least capillary resistance (Mercer and Cohen, 1990) . The solubility of many DNAPLs can be several orders of magnitude over their regulatory limits and therefore DNAPL source zones can, and do, lead to extensive and persistent groundwater pollution (Mackay and Cherry, 1989) .
Where low permeability sedimentary deposits (e.g. clay, till, mudstone and chalk) occur in the path of downward DNAPL migration, the small pore throat sizes and associated higher entry pressures usually result in pooling of DNAPL at the differential permeability interface (Feenstra et al., 1996) . The mechanisms controlling further downward migration are dependent on the presence or absence of secondary permeability features including fractures, dissolution features and coarse-grained interbeds. Where fractures are absent, inward migration is restricted to dissolved phase diffusion into the matrix (Johnson et al., 1989) ; a process which is driven by high inward concentration gradients created by DNAPL constituent aqueoussolubility concentrations at the interface ( Figure 1a ). Whilst concentrations immediately beneath the interface are likely to be near-solubility, these decrease rapidly with depth, for example Parker et al. (2004) observed a decline in concentration from that indicative of DNAPL presence (320 µg/g) to <30 µg/g (wet soil) over a distance of ~1 m through a clayey silt aquitard that was overlain by pooled NAPL residing in a sand aquifer. Conversely where fractures are present, inward DNAPL migration, controlled by the fracture aperture and associated capillary entry pressures (Kueper and McWhorter, 1991) , result in the potential for DNAPL mass to enter and reside within the fractures. The dissolution of DNAPL constituents and subsequent diffusion of the dissolved phase from the fractures results in significant aqueous-and sorbed-phase mass within the matrix (Espositio and Thomson, 1999; Parker et al., 2008; Parker et al., 1994; Reynolds and Kueper, 2004; Sale et al., 2008) . Through successive fracture replenishments by DNAPL, mass stored in the matrix can increase until the pore water concentration asymptotically reaches the contaminant solubility throughout the matrix (Parker et al., 1997) .
Secondary contaminant sources are formed when concentrations within low permeability media exceed those in bounding higher permeability aquifers (Chapman and Parker, 2005; Liu and Ball, 2002; Mutch et al., 1993) . The resulting reversed concentration gradients result in mass flux out of the low permeability sediments, which in the absence of fractures is limited to diffusive mass discharge across the lithologic interface ( Figure 1b ). The presence of fractures greatly increases the surface area available for diffusive mass discharge from the matrix and decreases the diffusion path lengths (Parker et al., 1994) . Per unit volume of media, more mass can diffuse into mobile pore space (the fractures) and therefore can cause greater, earlytime impact to the overlying high permeability media. Upward gradients across low permeability media also add an advective component to upward mass transport, increasing overall mass discharge. This is particularly important in fractures, where increased flow leads to greater fracture dilution that maximises concentration gradients across the fracture walls. The importance of fracture aperture on fracture dilution and mass removal was demonstrated by Falta (2004) who simulated TCE DNAPL placement, dissolution and matrix diffusion in a fracture over a 20-year equilibration time. After this time, clean water flushing was simulated through the fracture. Fracture effluent concentrations in the 30 µm and 100 µm aperture fractures after a simulated 100 years of flushing were ~900 µg/l and ~90 µg/l respectively. For the same driving hydraulic head, the higher volumetric flux in the fractures with larger aperture removed more TCE mass per unit time, minimising fracture concentrations and therefore imposing higher concentration gradients and hence higher TCE removal rates from the matrix.
Efforts to address contaminants in low permeability zones have included use of pneumatic and hydraulic fracturing (Christiansen et al., 2008; Slack et al., 2000) .
These techniques aim to optimise fracture spacing and aperture to decrease matrix diffusion distances and provide porosity for the injection of remedial fluids (USEPA, 1994) . Research has focused on the depletion of VOCs within fractures by oxidation or biodegradation for example (Chambon, 2010; Hønning et al., 2007) ; a process which aims to reduce concentrations within the low permeability deposit thereby decreasing the outward mass flux. Whilst mechanically-induced fracturing provides an opportunity for remediation of mass in low permeability deposits, it may not be practical at all sites. Where it is practical, an understanding of mass flux from naturally fractured deposits is vital for predicting recontamination potential, such that a baseline mass flux can be estimated.
This paper reports on a fractured mudstone secondary source zone at an industrial site in the UK that was investigated as part of the SABRE (Source Area BioRemediation)
project. The aim of this study was to determine the potential of a fractured sedimentary deposit to recontaminate an aquifer. We considered inward contaminant transport, the resultant contaminant distribution and the effects of site-scale variation in fracture spacing and aperture on outward mass flux. We report on the invasion of trichloroethene into mudstone and predict the likely inward transport processes. We show that remediation of the bounding aquifer led to a concentration gradient from the mudstone, which represented a secondary source zone of unknown magnitude and duration. Via numerical modelling, we investigated the importance of heterogeneity in concentration and fracture distribution on outward mass flux from the mudstone. In so doing, we test the hypothesis that it is necessary to characterise the fracture aperture and spacing within secondary source zones in order to accurately estimate the potential magnitude and duration of recontamination. Such understanding may prompt actions to enhance fracture aperture and spacing to accelerate mass removal, and/or design associated means to mitigate the resulting aquifer recontamination.
SABRE Industrial site
The site located within the United Kingdom in a wide, shallow valley on a river terrace, which locally forms a minor aquifer (Figure 2 ). The site was formerly occupied by a monochloroacetic acid (MCA) production facility that was operational between 1963 and 1990. TCE was stored on-site, used in industrial processes and subsequently disposed to a near-surface sump. Spillages occurred during this period resulting in a DNAPL source zone within the shallow river terrace aquifer. This source zone was the focus of the SABRE bioremediation study (Buss et al., 2010) . As part of this study, the source zone was isolated by a three-sided, 30 m-long, 4 m-wide cell, constructed from plastic sheet piles that were keyed into the mudstone at ~7 m depth. Flow was induced into the cell from the upgradient open-end, by abstraction from two wells positioned at the downgradient closed-end. The source zone within the cell was treated using enhanced bioremediation, a process that involved a single addition of SRS™ (soya bean oil) and a microbial culture including Dehalococcoides ethenogens (KB-1™) to the subsurface. The sequential degradation of trichloroethene (TCE), to cis-1,2-dichloroethene (cDCE), vinyl chloride (VC) and ethene (Ee) was monitored over the 650-day experiment via a network of over 450 sample locations (monitoring wells and multilevel samplers).
The geology at the site comprised a sequence of alluvial clays, silts and sands (~2 m thick) overlying coarser sand and river terrace gravel deposits (~4 m thick). Red
Triassic mudstone belonging to the Gunthorpe Formation (Mercia Mudstone Group) was present below these deposits (~50 m thick), beneath which the Sherwood
Sandstone aquifer was present. Residual DNAPL was identified in cores from the alluvium and river terrace gravel deposits. Natural groundwater flow in the shallow aquifer is principally horizontal within the terrace gravel deposits (hydraulic gradient: (Hobbs et al., 2002) . At depth and in the presence of geothermal gradients, gypsum dehydrates to anhydrite (Aljubouri, 1971) ; then on exhumation, the reaction is reversed with the reformation of gypsum (Murray, 1964) .
Of key importance is the latter reaction, which occurs in the near-surface zone where groundwater is present, resulting in a 63% increase in mineral volume inducing fracturing and brecciation (Shearman et al., 1972) . Further exposure to groundwater results in gypsum dissolution and thus open fractures, the hydraulic connectivity of which is demonstrated by: the occurrence of the flow which initiated the dissolution of gypsum (Seedhouse and Sanders, 1990; Wilson, 2003) ; chemical signatures of mudstone-derived minerals in the adjacent aquifer Kimblin, 1995) , and in a location 5 km from the industrial site, postglacial-age gypsum precipitation in the vadose zone (Jones, 1974 (Tellam and Lloyd, 1981) . These horizontal beds, known as skerries, comprise siltstone and fine-grained sandstone bands, which can yield 25-130 m 3 /d (Jones et al., 2000) . At the site, upward hydraulic gradients of 0.02 to 0.10 were calculated within the mudstone, based on piezometric surfaces in the Sherwood Sandstone Formation compared to that in the shallow gravels.
3 Methods
Industrial site field characterisation
The locations of cored boreholes drilled in the river terrace gravels and the mudstone were selected to characterize VOC distribution sufficiently to: i) position the test cell;
ii) delineate probable DNAPL and plume zones; iii) guide the installation of monitoring devices, and iv) provide representative mudstone samples from the suspected DNAPL zone for this study without unduly disturbing the test cell. Four boreholes (SN104, SN116, SN117 and SN118) were positioned in the source zone where contamination concentrations were known to be high and DNAPL presence was established in earlier investigation (Figure 3 ). Boreholes were positioned outside the footprint of the SABRE cell. To observe conditions downgradient from the DNAPL source zone, one borehole (SN120) was located in the plume zone where DNAPL was unlikely to be present. Boreholes were drilled to at least 11 m below ground surface, providing mudstone core in excess of 4.5 m.
Two drilling techniques were used. SN104 was collected using a Terramec 1000 rotary drill rig with Geobore S core barrel and water flush. Due to poor core recovery using this technique SN116, SN117, SN118, and SN120 were collected using a rotary sonic drill rig. Core was recovered in 1.5 m long, 100 mm diameter clear plastic liners. Given that the DNAPL was present for between 15 and 37 years before coring commenced, remobilisation of DNAPL, as a result of drilling, was assumed to be unlikely within the gravels. This assumption is based on numerical modelling by Gerhard et. al. (2006) that determined time periods of months to a few years for cessation of mobilisation within deposits (sands) of similar hydraulic conductivities, but more importantly, the absence of DNAPL accumulations at the base of gravels within the core, observed previously by Parker et al., (2003) .
Sub-samples were taken for TCE analysis within the lower 0.1-0.3 m of the terrace gravels to the base of the core at around 3-4 m below the mudstone interface. Samples were taken at 5 cm intervals in the upper 2 m of the core and at 10 cm in the remaining core. To minimise volatile losses, samples were recovered through holes (10-30 mm diameter) drilled through the core liner, using a stainless steel coring device (Parker et al., 2004) . The core samples were analysed for volatile organic compounds (VOC), principally TCE, via a methanol extraction procedure as per USEPA method 5021A (USEPA, 2003) . Samples were stored for two weeks prior to analysis, during which they were shaken using a vortex mixer to disaggregate solids and enhance the extraction of TCE into the methanol. Samples were fully disaggregated prior to analysis. Methanol sample aliquots were analysed via headspace using a Perkin Elmer Clarus 500 gas chromatograph with an Electron (Scheutz et al., 2008) .
A partitioning calculation as shown in Equation 1 (Feenstra et al., 1991) was used to determine the phase of TCE present in solid samples:
where C w is pore water concentration, C s is total soil concentration, ρ b is bulk density,
and Ø w is water-filled porosity. By assuming that the pore waters in a core sample are saturated with TCE (i.e. C w =1100 mg/L), the equation can be rearranged to yield the soil concentration above which DNAPL must be present. This value is termed the DNAPL threshold and values of 622 mg/kg and 410 mg/kg were calculated for the river terrace gravels (C w ; 1100 mg/l, ρ b ; 2.0 g/cm 3 , K oc ; 113 l/kg, f oc ; 0.005, Ø w ; 0.3) and mudstone (C w ; 1100 mg/l, was determined using a total organic carbon analyser (Scientifics, UK) and K oc was determined via logK oc =a logK ow +b, where a is 0.827, b is -0.039 and log K ow is 2.53 ml/g (Cohen et al., 1993; Pankow and Cherry, 1996) . It is acknowledged that sorption of TCE (up to 2000 µg/l) to clayey deposits is likely to be underestimated by the f oc *K oc relationship at low concentrations (Allen-King et al., 1997 ) potentially resulting in a higher DNAPL threshold, however in this case, a sensitivity analysis showed that the resulting variation was likely to be insignificant. Partitioning calculations were also used to determine respective pore water concentrations from total concentrations found in sediment samples. The equation does not explicitly account for TCE in the DNAPL-phase and therefore when applied to samples containing DNAPL, the pore water concentration was calculated to be greater than TCE solubility. In such cases, the pore water concentration was assigned a value of TCE solubility and the remaining mass was assumed to be present as a NAPL phase.
Analog site field methods
It was not possible to directly observe the nature of the mudstone surface at the experimental site. Potential geochemical and hydrological disturbance to the SABRE experiment, also prevented hydraulic testing of the mudstone. Therefore, the nearest location where the mudstone was exposed was selected for measurement of in-situ mudstone fractures. The analog site was an uncontaminated quarry site located roughly 10 km from the experimental site in the same wide, shallow river valley. The quarry had been dewatered to allow removal of the river terrace sand and gravel, in the conventional time domain (Sudicky, 1989; Sudicky and McLaren, 1992) .
Fractran model outputs of concentration as a function of distance for a 5-year model run were almost identical to a one-dimensional analytical solution, verifying the chosen discretization.
Boundary conditions for the vertical sides were zero flux/zero gradient. The top and bottom boundaries were assigned specified head (site-specific vertical hydraulic gradients) and permitted TCE outward flux. Simulations assumed that mass emanating from the top of the domain was degraded or diluted to below detection limits rapidly and, hence the domain was truncated at the upper mudstone interface.
The concentration in the overlying river terrace gravels was therefore assumed to be zero and hence representative of a well-flushed aquifer in which biodegradation, dilution and sorption were optimised. These processes were not simulated due to a lack of parameters to characterize that attenuation. This simplification should not compromise the overall results because the objective here is to examine the affects of varying fracture properties rather than to simulate site-specific concentrations. The vertical extent of the model domain was such that basal mass flux was negligible. The sensitivity of parameters was considered by reference to previous studies that illustrate the importance of fracture aperture and spacing (Mackay and Cherry, 1989; White, 2007) . Site-specific fracture property values were unknown and hence two sets of values were used to predict outward mass flux: a) values typical of clays (Parker et al., 1994) and b) values observed at the analog site (Table 1) mass as a percentage of pore-space (2.9 and 4.7%) in the river terrace gravels above the topographic low, determined that residual, rather than pooled mass was present (Cohen et al., 1993; Pankow and Cherry, 1996) . It is therefore suggested that if pooled In SN120, the core that was located outside the DNAPL source zone (Figure 3 ), the concentration profile through the mudstone was characterized not by diffusion, but by continuously high aqueous phase concentrations to ~30.5 m OD (average 220 mg/kg or 553 mg/l). One sample at 31.88 m had a concentration of 730 mg/kg, suggesting that DNAPL was present, however the equivalent Sudan IV test was negative 1 . Two possible transport phenomena are suggested; i) that the core had been subject to matrix diffusion from an adjacent DNAPL-filled fracture or ii) that the core had been subject to matrix diffusion from a fracture containing aqueous phase TCE.
Interestingly, the concentration declined rapidly after 30.5 m OD; a depth that was coincident with the laterally continuous skerry band. This evidence suggests there may be significant flow through the band, although this has not been measured; it is possible that declining concentrations were a result of flow through that conduit. A summary of TCE mass in the cores is presented in Table 2 .
The degradation products of TCE including both cDCE and VC were observed within the mudstone. Samples of the mudstone were analysed for DNA to determine whether these daughter products could be present as a result of in-situ degradation. Extremely low concentrations (max. of 100 copies/g) of vinyl chloride reductase genes were determined in 17% of samples (n =18), suggesting that the bacterial population was limited. It is unknown whether this DNA resided within the fractures, skerries or the matrix, however the latter is unlikely given the typical pore throat sizes. It is uncertain whether the presence of daughter products was a result of degradation within fractures or as a result of inward diffusion from the overlying terrace gravels.
Secondary source zone formation
Prior to remediation, TCE concentrations in three cores drilled within the source area through the river terrace gravel and first metre of the mudstone (positions shown by black dots in Figure 3) showed that concentrations in the gravels were similar to those in the mudstone (Figure 6a ). Subsequently, enhanced in situ bioremediation of the gravels was performed over a two-year period removing around half of the TCE mass in the overlying aquifer (data not shown). Following this period, the source zone was re-cored (positions shown by white-filled dots in Figure 3 ) and total TCE soil concentrations were re-analysed. The total TCE soil concentrations within the shallow aquifer were ~45 times lower (median value) than those in the mudstone (Figure 6b ).
Assuming that aqueous concentrations can be inferred from the TCE soil concentrations, an upward concentration gradient is present across the mudstone interface, thereby suggesting that the mudstone will act as a secondary source that will recontaminate the overlying aquifer via diffusion.
Recontamination potential
The frequency or aperture of vertical fractures intersecting the interface cannot be known with any certainty. Therefore we use numerical modelling and sensitivity analysis of fracture properties, to understand the temporal behaviour of TCE transport out of the mudstone matrix, the mass discharge back into the overlying sediments, and the magnitude of impact that may occur in the overlying aquifer. The data collected from the analog site serve to provide a basis for fracture spacing and aperture ranges in the mudstone.
To demonstrate the importance of fracture spacing and aperture on exiting mass flux, two concentration profiles were imposed on three scenarios comprising synthetic networks of fully-penetrating vertical fractures and one scenario comprising no fractures (Cases 1 to 4 in Table 4 ). The two TCE profile types observed in the upper 4 m of mudstone include: log-linear decay from the mudstone interface and depthuniform penetration suggestive of proximal contaminant 'charged' vertical fractures.
The combinations of these fracture and concentration profiles are justified in Table 3 .
The simulations assume that dissolution of DNAPL within the mudstone is complete prior to the reversal of concentration gradients. Fracture aperture values between 50
and 100 µm and spacing values between 0.1 and 0.5 m were chosen to determine the relative effect on flux. Other model parameters are given in Table 1 . (Table 4 and Figure 7d ).
The rate at which instantaneous flux declines depends on the path length of diffusion.
Where fractures occur at high density, matrix blocks -and therefore diffusion lengths -are small, the result is more rapid mass depletion, and therefore initially higher but earlier decrease in instantaneous flux (Figure 7d ). In contrast, where fracture density is low (or fractures are absent), longer diffusion distances result in increasingly shallower concentration gradients. Therefore, mass depletion flux is slow and the decrease in instantaneous flux is attenuated (Figure 7a ). It therefore follows that contaminant mass diffusion from highly fractured mudstone will shorten the secondary source lifetime to possibly single digit years. Conversely, diffusion from unfractured mudstone may represent a source of contamination for decades or centuries.
These synthetic fracture properties therefore indicate that mass removal timescales vary by one order of magnitude for the diffusion case and over three orders of magnitude for the constant concentration scenario. Given that fracture distributions and properties are rarely characterized at sites, this timescale range has significant consequences for remediation planning in the short-and long-term. To understand whether this variation is indicative of real sites, fracture properties at the analog site were studied.
Field-scale heterogeneity in fracture properties
A bimodal fracture population was observed in the man-made drainage ditch wall distinguished on the basis of aperture, spacing and infilling material. The first is a minor fracture set typified by close spacings, small, open apertures less than 100 µm and trace lengths that were generally short (~cm-scale) or unknown. The minor fractures did not appear to be continuous across the width of the drainage ditch, but their high frequency hindered confirmation. The fractures were assumed to be naturally-occurring as they appeared to continue into the mudstone perpendicular to the ditch and had similar strikes to the major fractures. They were not observed on the mudstone surface, but this is likely due to smearing of the clay during the removal of sand and gravel. The other dominant major fracture set comprised large apertures that could be traced to the base of the 1.5 m deep ditch (Figure 8a and b). These major fractures were visible over the ~12 m 2 area that was cleared of overlying sands and gravels to the west of the ditch. In plan view, the major fractures were sediment-filled and were unevenly sinuous along their horizontal length (Figure 8c and Figure 9c ).
Apertures ranged from 1 to 70 mm and fracture spacing ranged from 0.42 to 3.64 m (Figure 9a-b) . The vertical variability of aperture and the terminal fracture depth of the major fractures was unknown. Within the north-western part of the mapped area, major fractures appeared to be absent. A summary of fracture properties is provided in Table 4 . Whilst the range of fracture properties observed herein may appear atypical, fractures formed as a result of the same process occur more widely in Britain (Philipp, 2008; West, 1979) , but can also be found in the Amadeus Basin, Australia (Gustavson et al., 1994) , and the Newark Rift (Tabakh et al., 1998) Table 4 , cases 1 to 4), particularly after the first year (Figure 11b ). Given that all the various fracture aperture/spacing combinations (both synthetic and measured) resulted in a narrow band of simulated mass flux after one year, one potential conclusion is that mass flux from a low permeability unit could be estimated without having to measure fracture properties.
The simulation results presented in Figure 11 suggest that, when considering potential recontamination in a bounding aquifer, an important factor is the time elapsed since that aquifer was remediated. Also, it is clear from Figure 10 that the nature of initial concentrations in the low permeability unit influences the magnitude of outward mass flux. As such, site characterisation should seek to establish the dominant distribution type. Of course, a continuum of initial distributions may exist, particularly where DNAPL is present. However, the simulations presented herein suggest that after a relatively short time when mass flux may vary widely across a site, flux will eventually converge to a narrow, predictable range. In the context of assessing potential re-contamination, this perhaps reduces the burden of characterisation to determining the surface area contributing contaminant mass to an aquifer (including both source and plume zone areas), the contaminant depth profile types, and the hydraulic properties of the receiving aquifer.
It is not obvious from the mass flux and discharge data shown in Figures 10 and 11 what the impact to a bounding aquifer would be in concentration terms (a more common regulatory metric). During the SABRE experiment, groundwater flowed into the three-sided cell at the up-gradient open end and was controlled by pumping from two fully screened wells at the down-gradient end at a total flow rate of 2 l/min. To estimate the magnitude of recontamination, the average concentrations that would be observed in the abstraction wells of the SABRE cell after 1 year and between 9-10, 10-20, 20-30 and 30-50 years were calculated assuming: complete mixing in the shallow aquifer; a saturated cell volume of 600 m 3 , and a river terrace gravel porosity of 0.3. The DNAPL source zone occupied approximately 62% of the SABRE cell and hence for this calculation, contamination in the mudstone was assumed over this area (74 m 2 ). The results shown in Table 6 Table 5 Summary of bi-modal fracture network at the analog site 
